Replication and packaging of the rotavirus genome occur in cytoplasmic compartments called viroplasms, which form during virus infection. These processes are orchestrated by yet-to-be-understood complex networks of interactions involving nonstructural proteins (NSPs) 2, 5, and 6 and structural proteins (VPs) 1, 2, 3, and 6. The multifunctional enzyme NSP2, an octamer with RNA binding activity, is critical for viroplasm formation with its binding partner, NSP5, and for genome replication/packaging through its interactions with replicating RNA, the viral polymerase VP1, and the inner core protein VP2. Using isothermal calorimetry, biolayer interferometry, and peptide array screening, we examined the interactions between NSP2, VP1, VP2, NSP5, and NSP6. These studies provide the first evidence that NSP2 can directly bind to VP1, VP2, and NSP6, in addition to the previously known binding to NSP5. The interacting sites identified from reciprocal peptide arrays were found to be in close proximity to the RNA template entry and double-stranded RNA (dsRNA) exit tunnels of VP1 and near the catalytic cleft and RNA-binding grooves of NSP2; these sites are consistent with the proposed role of NSP2 in facilitating dsRNA synthesis by VP1. Peptide screening of VP2 identified NSP2-binding sites in the regions close to the intersubunit junctions, suggesting that NSP2 binding could be a regulatory mechanism for preventing the premature self-assembly of VP2. The binding sites on NSP2 for NSP6 were found to overlap that of VP1, and the NSP5-binding sites overlap those of VP2 and VP1, suggesting that interaction of these proteins with NSP2 is likely spatially and/or temporally regulated.
R
otavirus, a member of the family Reoviridae, is a large icosahedral virus, with a genome consisting of 11 segments of doublestranded RNA (dsRNA) encoding six structural proteins (VPs) and six nonstructural proteins (NSPs). The genome is enclosed within a triple-layered capsid, composed of three concentric protein layers: (i) an outer capsid layer of VP7 and VP4; (ii) an intermediate layer of VP6; (iii) an inner layer composed of VP2, with VP1, the RNA-dependent RNA polymerase (RdRP), and VP3, the viral methyltransferase and guanylyltransferase, positioned on the inside surface of this inner layer at each of the five-fold icosahedral axes (1, 2) . The outer capsid layer is lost during cell entry, resulting in activation of endogenous transcription within the double-layered particle (DLP). Transcription yields capped, nonpolyadenylated, positive-strand RNA [(ϩ)RNA] molecules that are extruded into the cytoplasm of the infected cell, where they serve as mRNAs for translation of viral proteins and as the templates for negative-strand RNA [(-)RNA] synthesis (2, 3) .
Genome replication, packaging, and DLP assembly occur in cytoplasmic structures called viroplasms (4) (5) (6) (7) (8) that form early during infection. These processes are regulated by a network of interactions involving NSPs 2, 5, and 6 and VPs 1, 2, 3, and 6 (9, 10) . NSP2, a multifunctional protein that exhibits nucleoside triphosphatase (NTPase), RNA triphosphatase (RTPase), and helix-destabilizing activities (10) (11) (12) (13) (14) , is critical for both viroplasm formation with its binding partner NSP5 (15, 16) and for viral replication and packaging via its interactions with RNA, VP1, and VP2 (10, 12, 17, 18) . Strains expressing temperature-sensitive mutants of NSP2 lose their ability to synthesize dsRNA and produce empty virus particles at nonpermissive temperatures (19, 20) . NSP2's role in replication is further supported by the fact that NSP2 is a component of early replication intermediates (RIs) (18, 21) . The crystal structure of NSP2 revealed a donut-shaped octamer with a 35-Å central hole and deep grooves positioned diago-nally along the two-fold axis. The grooves are lined by positively charged residues and are the single-stranded RNA (ssRNA)-binding sites on the octamer (10, (22) (23) (24) . They are also the binding sites for NSP5, an O-glycosylated phosphoprotein that has RNA-binding (11, 12, (25) (26) (27) , VP1-binding (28) , VP2-binding (29) , and NSP6-binding (30) activities. Even though the exact function of NSP5 in the infection process is unresolved, it can be speculated that the protein is involved in genome replication and packaging. The localization of NSP5 in viroplasms and its activity are correlated with the phosphorylation state of the protein, which in turn is dependent on its interaction with NSP2 (15, 31, 32) .
Another nonstructural protein found in the viroplasms is NSP6. NSP6 is encoded by the alternative open reading frame (ORF) of segment 11 of most viral strains and, together with NSP2 and NSP5, it accumulates in the viroplasms (7, 27, 30, 33) . NSP6 is known to interact with NSP5 and is thought to play a regulatory role in multimerization and hyperphosphorylation of NSP5 (30) . It is also a sequence-independent nucleic acid-binding protein, with similar affinities for ssRNA and dsRNA (34) . In contrast to NSP2 and NSP5, very little is known about the role NSP6 plays in rotavirus infection.
Inside the viroplasms, replication is thought to be initiated when the viral polymerase VP1, in complex with VP3 and the (ϩ)RNA, comes into contact with the core protein VP2. Upon binding to VP2, VP1 undergoes a structural reorganization leading to activation of the RdRP and initiation of dsRNA synthesis (21, (35) (36) (37) (38) (39) . The N-terminal domain of VP2 protrudes inside the core at the five-fold axis, is involved in VP2-RNA interactions, and serves as a scaffold for the viral transcription complex in viral particles (39) (40) (41) (42) . It is suggested that the N terminus of VP2 (amino acids [aa] ϳ1 to 100) plays a regulatory role in VP1 polymerase activation by possibly forming tethers that support the interaction of VP1 with the principal scaffold domain of VP2 (aa ϳ101 to 880) (43, 44) . NSP2, as a component of replication intermediates, interacts with VP1 (17, 45) ; however, whether this interaction involves direct binding of the proteins is not known. The N-terminal domain of VP2 is required for activation of VP1, and the core assembly is thought to happen concurrently with dsRNA synthesis; therefore, it is reasonable to suppose that, in addition to VP1 and RNA, NSP2 interacts with VP2 (specifically, the N-terminal region) as well.
In this study, we examined the interactions of NSP2 with viral proteins that are known constituents of viroplasm and RIs, specifically, VP1, VP2, and NSP6, by using isothermal titration calorimetry (ITC) and biolayer interferometry (BLI), which clearly demonstrated that NSP2 directly interacts with VP1, VP2, and NSP6. ITC and BLI are standard techniques for determining binding affinities (K D ) without relying on radioactive or fluorescent labels. Further, using peptide arrays, we identified possible specific binding sites involved in these interactions, both on NSP2 and on its binding partners. Peptide arrays offer a rapid means of screening and identifying peptides that interact with target molecules by synthesizing a large array of specifically designed peptides on cellulose membranes, which can then be probed using a protein of choice (46, 47) . Peptide array experiments have been effectively used to identify peptide inhibitors of ␤-lactamases (48), novel binding sites for the tumor suppressor protein p53 on its major regulator HDM2 (49) , and nuclear carrier binding sites on nucleoporins (Nups) (50) and to develop antibodies with high therapeutic potential against viral infections (51, 52) . In every tested case, array-identified interactions have been confirmed by solution-based binding studies (49, 51) , X-ray crystallography (53, 54) , and site-directed mutagenesis experiments (50) . In our experiments, arrays spanning the full length of NSP2 were screened for sequences that bound VP1, the N terminus of VP2, and NSP6. This allowed us to map the regions in these proteins that participate in the interactions. Our results suggest that the NSP2 octamer provides a suitable platform to coordinate a variety of interactions and plays a significant role in the formation of RIs and initiation of viral replication.
MATERIALS AND METHODS
Protein expression and purification. Baculovirus expressing C-terminally His-tagged VP1 (accession number O37061) from simian rotavirus strain SA11 was obtained from J. Patton, NIH, Bethesda, MD (37) . SF9 insect cells were infected at a multiplicity of infection (MOI) of 5 for 96 h at 27°C at the Baculovirus Core Facility, Baylor College of Medicine. The cells were harvested by centrifugation, washed with phosphate-buffered saline (PBS), and resuspended in the lysis buffer (25 mM HEPES [pH 7.8], 100 mM NaCl) containing EDTA-free protease inhibitors. The cells were lysed in a microfluidizer (Microfluidics, Newton, MA) and applied to Talon metal affinity resin (Clontech) preequilibrated with lysis buffer. VP1 was eluted using a gradient of imidazole from 0.1 M to 1 M. Protein peak fractions were pooled, bound to a HiTrap FF heparin HP column (GE Healthcare), and eluted using a salt gradient from 0.1 M to 1 M. Purified VP1 was dialyzed into a final buffer (25 mM HEPES [pH 7.8], 100 mM NaCl) and used for further studies. SA11 (group A) NSP2 (accession number Q03242) and Bristol (group C) NSP2 (accession number CAB52753) were cloned into the bacterial expression vector pQE60 (Qiagen) with a C-terminal 6ϫHis tag preceded by a thrombin cleavage site (LVPRGS), as described by Hu et al. and Taraporewala et al., respectively (10, 23) . Both proteins were expressed in Escherichia coli SG13009 cells and purified using Ni-nitrilotriacetic acid (Ni-NTA) affinity chromatography (Qiagen), and HiTrap SP HP column (GE Healthcare) as described above, followed by gel filtration chromatography (HiLoad 16/60 Superdex 200; GE Healthcare). Gel filtration confirmed that both SA11 and Bristol NSP2 form an octamer in solution. Purified NSP2 was dialyzed into a final buffer containing 10 mM Tris-HCl (pH 7.8) and 100 mM NaCl. The SA11 VP2 (accession number AAA47349.1) construct corresponding to residues 1 to 134 was cloned into a pET46 vector (Invitrogen) with an N-terminal 6ϫHis tag followed by a thrombin cleavage site (LV PRGS). Protein was expressed in E. coli BL21 cells and purified as described above. Purified VP2 was dialyzed into 10 mM Tris-HCl (pH 7.8), 100 mM NaCl. The full-length SA11 NSP6 gene (accession number AF306493.1) was cloned into a pET32 expression vector (Invitrogen) with an N-terminal 6ϫHis tag followed by a thrombin cleavage site (LVPRGS). Protein was expressed in the E. coli BL21 cells, extracted from the insoluble fraction in a buffer containing 50 mM n-dodecyl-␤-D-maltoside (DDM) and 10 mM imidazole, 300 mM NaCl, 50 mM Tris (pH 7.2), and purified using a Ni-NTA affinity chromatography (Qiagen) followed by gel filtration chromatography (HiLoad 16/60 Superdex 200; GE Healthcare). Purified NSP6 was dialyzed into a final buffer containing 10 mM Tris-HCl (pH 7.8), 100 mM NaCl, and 0.005% DDM. For the binding analyses, the affinity tags on NSP2, VP2, and NSP6 were cleaved off by using thrombin (Hematologic Tech).
ITC and BLI. ITC analysis was carried out using a MicroCal AutoiTC 200 instrument (GE Healthcare). NSP2 was used at 20 M in ITC buffer (10 mM Tris [pH 7.8], 150 mM NaCl). VP2 was used at 200 M in the same buffer, and NSP6 was used at 200 M in the same buffer supplemented with 0.05% DDM. For each experiment, 40 and 50 titrations were carried out at 4°C and at 10°C, respectively. Experiments were performed in triplicates. Each titration was fitted into a one-site binding model by using the Origin software provided with the instrument. BLI was carried out using an Octet RED96 instrument (ForteBio). Biotinylation of proteins for loading onto streptavidin-coated biosensors (ForteBio) was carried out using EZ-link NHC-LC-LC-biotin (catalog number 21343; Thermo Scientific) following the instructions of the manufacturer. For NSP2-VP1-binding analysis, biotinylated VP1 was loaded onto streptavidin biosensors at a concentration of 1.25 g/ml in BLI running buffer (20 mM HEPES [pH 7.8], 150 mM NaCl, 0.05% surfactant P20, and 2 mg/ml bovine serum albumin) for 600 s, resulting in capture levels of 0.8 to 1.0 nm within a row of eight tips. NSP2-VP1 association and dissociation curves were obtained through serial dilutions of NSP2 (0.5, 0.8, 1.5, 3, 5, 7, and 10 M) plus buffer blanks and using the Octet acquisition software. For NSP2-VP2 1-134 analysis, biotinylated NSP2 (1.25 g/ml) was immobilized on streptavidin biosensors, and association and dissociation curves were obtained through serial dilutions of VP2 (18, 56, and 112 M) . For the analysis of NSP2 interactions with NSP6, biotinylated NSP6 (18 g/ml) was immobilized onto a streptavidin biosensor, and the association and dissociation curves were obtained through serial dilutions of NSP2 (2.5, 5, 10, 20, and 40 M). The binding data in each case were fitted using the Octet analysis software.
Peptide array synthesis. Peptide arrays of 17-mer peptides corresponding to the each of the rotavirus protein VP1, VP2, NSP5, NSP6, and NSP2 (SA11 and Bristol) sequences were synthesized directly onto cellulose membranes (amino-PEG 500 -UC450; Intavis AG) by using an Auto Spot Robot ASP 222 peptide synthesizer (Intavis AG) and the autospot program (55) with 9-fluorenylmethoxy carbonyl (Fmoc)-protected amino acids (Intavis AG) that were prepared according to the manufacturer's instructions. Each peptide array started at the N terminus and spanned the entire length of the protein sequence, with each successive spot containing 17 amino acids along the sequence shifted by 3 amino acids toward the C terminus, i.e., each spot in the array had a 14-residue overlap with the previous spot. Prior to the first round of synthesis, cellulose membranes were prepared by washing three times for 2 min in N,Ndimethyl formamide (DMF), then washing 2 times in ethanol, and finally drying the sheets for 10 min. Fmoc-protected amino acids were activated with 0.2 M diisopropylcarbodiimide (DIC) and 0.13 M 1-hydroxybenzotriazole (HOBt) in N-methylpyrrolidone (NMP). After the last round of synthesis, membranes were washed with 20% piperidine in DMF for 30 s, followed by two 2-min washes in H 2 O. To deprotect the side chains that had been acetylated, membranes were incubated in 20 ml of side chain deprotection solution (95% trifluoroacetic acid [TFA] , and 3% tri-isopropyl saline [TIS]) for 1 h. After deprotection, membranes were washed with 20 ml DCM, followed by four 2-min washes with ethanol. Finished membranes were dried overnight in a chemical hood (50) .
Peptide array screening. Cellulose membranes containing synthesized VP1 (SA11 and Bristol strains), VP2, NSP5, and NSP6 peptide arrays were screened to identify peptides that bound SA11 and Bristol NSP2. In reciprocal experiments, membranes containing synthesized NSP2 peptides were screened to identify peptides that bound SA11 VP1, VP2 , and NSP6. Briefly, prepared cellulose membranes were washed three times for 5 min in Millipore H 2 O and blocked overnight at 4°C with 3% (wt/vol) milk-PBS (MPBS). Purified proteins (15 M) were incubated with the membranes in MPBS for 3 h at room temperature with gentle agitation. For negative controls, membranes were prepared and treated as above but incubated with 3% MPBS and no protein. After incubation, membranes were washed four times for 5 min with PBS supplemented with 1% Tween 20 (PBST). The peptide-bound proteins were detected by incubating the membranes with either anti-His tag (VP2, VP1, and NSP2) or anti-S tag (NSP6)-horseradish peroxidase (HRP)-conjugated antibodies (2 g/ml; Abcam) in MPBS for 2 h at 4°C with gentle agitation. The membranes were then washed three times for 5 min with PBST, incubated in 5 ml of the enhanced chemiluminescence (ECL) developing solution, and exposed to X-ray films in the ECL system (Amersham Biosciences) (50) . Autoradiograms were scanned into the Typhoon TRIO variable mode imager (GE Healthcare), and the Quantity One program was used to measure intensities of each spot. No oversaturation of the spots was detected. For each peptide array, after subtracting the background, as measured from a negative-control membrane, spot intensities were plotted relative to the spot that showed the highest intensity, which was set as 100% binding. Spots with intensities higher than a cutoff of 60%, based on the NSP5 peptide array analysis (see Results), were considered to represent positive binding. To take into consideration that some positive signals could represent nonspecific binding, only those residues that were present in at least two spots that showed a binding intensity above a more stringent 80% cutoff were considered significant for mapping onto the crystal structures when available, such as that of NSP2, VP2, and VP1. Each peptide array experiment was carried out at least two times to ensure reproducibility.
Mutagenesis of the identified VP1-and NSP6-binding sites on fulllength NSP2. To validate the observations from the peptide array analysis, in the context of full-length proteins, the SA11 NSP2 peptide LKVTQAN VSNVLSRVVS (aa 91 to 107), identified by peptide array analysis, that showed binding to VP1 as well as NSP6, was chosen for site-directed mutagenesis experiments. In the full-length NSP2, residues 91, 95, 97, 100, and 104 (shown in bold) were replaced with alanine by using Epoch (Epoch Life Science, Inc., Missouri City, TX). A full-length SA11 NSP2 construct containing all five mutations (NSP2mut) was cloned into the bacterial expression vector pQE60 (Qiagen) with a C-terminal His tag preceded by a thrombin cleavage site. The protein was expressed in E. coli SG13009 cells and purified using Ni-NTA affinity chromatography (Qiagen) and gel filtration chromatography (HiLoad 16/60 Superdex 200; GE Healthcare) as described above. Gel filtration confirmed that NSP2mut still formed an octamer in solution, similar to wild-type SA11 NSP2. Purified NSP2mut was dialyzed into a final buffer (10 mM Tris-HCl [pH 7.8], 100 mM NaCl), and its ability to bind VP1 and NSP6 was analyzed using BLI following the protocol described above.
RESULTS

Interaction of NSP2 with VP1.
The RTPase activity of NSP2 is proposed to aid in genome circularization and spooling around the VP1/VP3 enzyme complex by specifically recognizing the 5= consensus sequence of (-)RNA as soon as the dsRNA emerges from VP1 and allowing it to be recaptured by VP1 after the hydrolysis is complete (10, 56) . Furthermore, the NSP2 octamer with electropositive RNA-binding grooves is suggested to play a role in relaxing the mRNA in preparation for dsRNA synthesis by VP1 (13) . Based on these findings and biochemical studies that strongly suggest an interaction between NSP2 and VP1 (17, 28), we hypothesized that NSP2 directly binds VP1 during replication and/or core assembly. To analyze the interaction between NSP2 and VP1, we examined the rates of association and dissociation of the proteins by using BLI. For NSP2-binding analysis, we used a biotinylated VP1 immobilized on the streptavidin biosensor that was dipped into wells containing serial dilutions of NSP2. The sensograms obtained for NSP2 binding to VP1 were best fitted by a global two-site binding model with the 2 /degrees of freedom (DoF) value of 0.00115 for the fit (Fig. 1) . Data analysis showed the binding affinity between the two proteins to be 1.54 nM for site one and 1.7 M for site two, indicating a strong direct interaction between NSP2 and VP1.
To identify the possible regions on the proteins that participate in the interaction, we synthesized peptide arrays encompassing full-length VP1 or NSP2 and screened them for peptides that bound either NSP2 or VP1, respectively. Before proceeding with the VP1 peptide array analysis, we used an NSP5 peptide array as a positive control, since NSP5 is a known NSP2-binding protein and some of the NSP2-interacting regions on NSP5 have been described previously (15, 16, 31, 32) . We synthesized a peptide array encompassing the full-length NSP5 sequence and probed it for binding to NSP2. The array indicated two major sites for NSP2 binding (Fig. 2) . The first site (peaks 1 and 2, aa 70 to 89) was previously unidentified and located in the N-terminal domain of NSP5. The second site (peak 3, aa 166 to 182) was consistent with previous studies, which showed that this region in NSP5 is essential for binding to NSP2 (15, 31) . Based on an ϳ60% intensity level of the peptide (SDDGKCKNCKYKKKYFA) in this region, a 60% cutoff was considered to represent positive binding in the subsequent peptide array analysis. . The tick marks on the x axis correspond to spots A7 through C8. In this graph, the spot intensities, after subtracting the background (a negative control), were plotted relative to the spot with the highest intensity, which was set as 100% binding. Spots that show intensities higher than the 60% cutoff are numbered. (C) The peptide sequences corresponding to the three spots (1 to 3) in panel B.
For the VP1-NSP2 peptide arrays, the intensity of each binding spot was calculated and plotted against 100% binding ( Fig. 3 and  4) . On the VP1 array, 52 spots showed binding to NSP2 with at least a 60% cutoff intensity (Fig. 3A to C) , with 20 spots showing Ն80% cutoff intensities. Residues that were present in at least two peptides that bound NSP2 with Ն80% intensity were considered significant and were mapped onto the crystal structure of VP1 (Fig. 3D, shown in green) . NSP2-binding sites localized to the N-terminal domain (aa 28 to 56), the polymerase fingers subdomain (aa 442 to 458 and 562 to 578), thumb subdomain (aa 682 to 698), and the C-terminal "bracelet" domain (aa 823 to 836) of VP1 (37) . All of the residues mapped to the surface-exposed regions of VP1 with the exception of amino acids 682 to 698, which mapped to inside the catalytic core of VP1 and are unlikely to participate in the interaction with NSP2. Residues 442 to 458 and 562 to 578 line one side of the RNA template entry tunnel of VP1. Binding of NSP2 near the tunnel is in agreement with its helixdestabilizing activity, which has been suggested to relax the secondary structures on mRNA templates in preparation for dsRNA synthesis (13) . Residues 823 to 836 line the side of the dsRNA product exit tunnel of VP1, and binding of NSP2 at these sites would bring it into close proximity with the 5= (Ϫ)RNAs, leading to more efficient ␥-phosphate hydrolysis.
On the NSP2 array, 18 spots showed binding to VP1 with at least 60% intensity (Fig. 4A to C) , with 5 spots showing Ն80% binding. Residues that were present in at least two of the spots that showed 80% binding or higher were mapped onto a known structure of NSP2 (Fig. 4D, shown in green) . Consistent with the VP1 array results, VP1-binding sites on NSP2 (aa 22 to 32, 67 to 74, and 91 to 104) clustered around the catalytic cleft of the NSP2 monomer, which is the site of the ssRNA-binding and RTPase activity of NSP2 (10) (Fig. 4D) .
Interaction of NSP2 with the N-terminal domain of VP2. The structure of VP2, which forms the innermost shell, has been determined in the context of the virion architecture by cryo-electron microscopy (EM) and X-ray crystallography (39, (57) (58) (59) . Most of VP2 folds into a broad, flat sheet. In the shell, composed of 120 VP2 subunits, five VP2 dimers come together at each of the fivefold axes, with their N-terminal domains (aa 1 to 100) projecting inward (39) . This highly flexible N-terminal region of the protein is critical for RNA binding, encapsidation of VP1 and VP3, and activation of RdRP for genome replication (35, (39) (40) (41) (42) . Direct interaction of NSP2 and VP2, although suspected, has not been demonstrated previously. Previous studies showing that high levels of NSP2 are associated with RIs recovered from infected cells that specifically contained VP2 (21) and more recent studies showing that VP2 is pulled down by NSP2 from the lysates of rotavirus-infected cells strongly suggest a possible interaction between the two proteins (60) . We hypothesized that in addition to VP1, NSP2 directly binds VP2, possibly coordinating the VP2- The peptide sequences corresponding to the spots denoted 1 to 18 in panel B that showed intensities higher than the 60% cutoff. NSP2 residues present in at least two peptides that showed a Ն80% binding intensity (green) were mapped onto the known structure of NSP2 (pdb 1L9V). (D) Surface model of the NSP2 octamer (gray) with VP1-binding residues shown in green on monomer A (pink). The RNA-binding groove is shown by dashed black lines, and the catalytic cleft is indicated by a black arrow.
VP1 interaction for initiation of replication. Overexpression of full-length VP2 leads to the autoassembly of core-like particles (61) , limiting our ability to analyze its binding to NSP2. Therefore, we cloned, expressed, and purified a VP2 construct corresponding to residues 1 to 134, the N-terminal domain, and analyzed its binding to NSP2 by ITC and BLI.
For ITC analysis, NSP2-VP2 1-134 titrations were carried out in triplicate at 4°C. The ⌬H of VP2 1-134 titrated into buffer alone was negligible and subtracted as background. Apparent exothermic heat change was detected as VP2 bound to NSP2. Upon analysis of the resulting isotherm, the binding constant was calculated to be 14 M (Fig. 5A) . BLI analysis was also carried out by immobilizing biotinylated NSP2 onto a streptavidin biosensor and dipping it into wells containing serial dilutions of VP2 . The binding sensograms were fitted using a global one-site binding model with 2 /DoF of 0.000123, which showed a binding constant (K D ) 8.5 M, similar to ITC results (Fig. 5B) .
To further understand NSP2 binding to VP2 and to determine if other regions on VP2, in addition to the N-terminal domain, also participate in the binding, we synthesized a peptide array spanning the complete VP2 sequence and screened it with purified NSP2 to identify the NSP2-binding peptides (Fig. 6 ). In the VP2 peptide array, 21 spots showed binding to NSP2 with at least a 60% cutoff intensity (Fig. 6A to C) . These included peptides corresponding to amino acids 34 to 86 (Fig. 6B and C, peaks 1 to 4) , consistent with our ITC and BLI results, which indicated a direct interaction between NSP2 and the N terminus of VP2. Of the 21 spots, 9 showed Ն80% binding compared to the control, and the residues present in at least two of these spots were mapped onto the VP2 structure. These residues mapped primarily near the intersubunit-interacting regions of VP2 (aa 514 to 518, 664 to 674, and 838 to 845) (Fig. 6D, shown in green) . At high concentrations, VP2 self-assembles into core-like particles (61), a characteristic that potentially could result in inefficient genome packaging and the production of empty particles. Rotavirus must employ a mechanism to prevent premature oligomerization of VP2 and to ensure that the core assembly happens in a timely and controlled manner. Binding of NSP2 near these sites may serve to prevent premature VP2 autoassembly into core-like particles.
In a reciprocal experiment, to identify the VP2 1-134 -binding sites on NSP2, we synthesized a peptide array spanning the complete NSP2 sequence and screened it with VP2 1-134 . The NSP2 array showed 10 spots with at least 60% binding to NSP2 compared to the control (Fig. 7A to C) , with 5 spots showing Ն80% binding. When the residues that showed significant binding were mapped onto the NSP2 octamer, they formed two distinct sites on NSP2 (aa 27 to 40 and 223 to 237) (Fig. 7D, shown in green) . The first site is surface exposed and falls right at the two-fold symmet- ric axis of the octamer. The second site, on the other hand, is located deep inside the catalytic cleft of the NSP2 octamer and would not be readily available for interaction with other proteins (Fig. 7D) . However, it is important to remember that this membrane was probed against the N-terminal domain of VP2, consisting mostly of coil and flexible loops. Thus, in the context of the full-length VP2 protein, this region could certainly extend into the cleft to reach this particular binding site.
Interaction of NSP2 with NSP6. NSP6 is the least-studied rotavirus protein. It is encoded by the alternative ORF of segment 11 (33, 34) and is known to interact with NSP5 (30) and accumulate in the viroplasms (7, 27, 62) . Based on this and the fact that NSP6 is a sequence-independent nucleic acid-binding protein, with similar affinities for ssRNA and dsRNA (34), we hypothesized that NSP6, via its interaction with NSP5 and possibly NSP2, plays a regulatory role in the viral life cycle, possibly in viroplasm formation. To determine if NSP6 interacts with NSP2, we carried out binding experiments using ITC and BLI. The ITC binding isotherm for NSP2-NSP6 binding was obtained at 10°C. Fitting analysis indicated that NSP6 bound NSP2 with an n ϭ 0.23 binding stoichiometry, suggesting that one molecule of NSP6 bound four molecules of NSP2, or in other words, two molecules of NSP6 bound to one NSP2 octamer with a calculated K D of 0.60 M (Fig.  8A) . For the BLI analysis, we immobilized biotinylated NSP2 onto streptavidin biosensors and dipped them into wells containing serial dilutions of NSP6. The sensograms of NSP6 binding with NSP2 were best fitted with the global two-site binding model, with a 2 /DoF value of 0.00002, and the calculated K D of the reaction was 0.603 M for site one, consistent with ITC results, and 2.46 M for the second site (Fig. 8B) .
To shed further light on the NSP2-NSP6 interaction, we sought to identify the sites on the two proteins that participate in the interaction by using peptide arrays. The NSP6 peptide array probed by NSP2 showed two distinct regions (aa 22 to 29 and 52 to 68) in NSP6 with strong NSP2-binding signals (Fig. 9A to C) . These regions fall within the central part of the NSP6 protein.
Further experiments are necessary to determine if these sites overlap the NSP5-or RNA-binding sites on NSP6.
In a reciprocal experiment, the NSP2 peptide array probed by NSP6 showed 18 NSP2 peptides binding to NSP6 with at least a 60% cutoff intensity (Fig. 9D to F) , with 6 of them showing Ն80% binding. Mapping of the corresponding significant residues onto the NSP2 structure showed that they clustered primarily in the N terminus (aa 79 to 107) and the C terminus (aa 271 to 287) of the protein (Fig. 9G, shown in green) . Interestingly, residues 79 to 107 overlap entirely with the VP1-binding site on NSP2 (aa 91 to 104), suggesting that VP1 and NSP6 may interact with NSP2 at different times during infection. Graph showing relative intensity (y axis) of each spot (black bars) in the array with its position relative to the protein sequence (x axis). (C) The peptide sequences corresponding to the spots denoted 1 to 10 in panel B that showed intensities higher than the 60% cutoff. NSP2 residues present in at least two peptides that showed Ն80% binding intensity (green) were mapped onto the known structure of NSP2 (pdb 1L9V). (D) Surface model of the NSP2 octamer (gray) with VP2 1-134 -binding residues shown in green on monomer A (pink).
Validation of the identified NSP2-VP1 and NSP2-NSP6 interaction interfaces in the context of full-length proteins. To validate the biological significance of the binding sites identified by peptide arrays, in the context of full-length proteins, we mutated a selected region in NSP2 based on the criteria that the mutation(s) did not adversely affect the expression level or the oligomeric state of NSP2 and that it is implicated in binding to both VP1 and NSP6. The peptide LKVTQANVSNVLSRVVS (aa 91 to 107) was chosen for the site-directed mutagenesis experiments because it was the strongest VP1-binding peptide on NSP2 (Fig.  4C, peptide 8 ) and also showed high specificity to NSP6 (Fig. 9F,  peptide 8 ). In the full-length NSP2, amino acids 91, 95, 97, 100, and 104 (shown in bold) were mutated to alanine, and the resulting NSP2mut, which expressed well and showed the same octameric state as the wild type, was tested for binding to VP1 and NSP6 by BLI (Fig. 10A and B) . The obtained NSP2mut-VP1 sensograms were best fitted using a global one-site binding model with the 2 /DoF value of 0.0003 for the fit (Fig. 10C) . The estimated K D of 0.47 M for the NSP2mut was substantially higher than the K D of 1.54 nM for wild-type NSP2, indicating a significant loss of affinity of the mutant toward VP1 and thus confirming our peptide array interpretation for this site as a significant binding interface between NSP2 and VP1. Similarly, NSP2mut also showed decreased binding with NSP6 (K D of 0.87 M versus 0.60 M for wild-type NSP2), although the association rate constant (k on ) was similar (1.04 ϫ 10 2 M Ϫ1 s Ϫ1 for wild-type NSP2 versus 1.8 ϫ 10 2 M Ϫ1 s Ϫ1 for NSP2mut), the dissociation constant (k off ) increased significantly (6.3 ϫ 10 Ϫ5 s Ϫ1 for wild-type NSP2 versus 1.5 ϫ 10 Ϫ4 s Ϫ1 for NSP2mut), suggesting that the mutation destabilizes the interaction (Fig. 10D) .
To further validate the NSP2-binding sites with VP1 and NSP6, we expressed and purified NSP2 from a group C rotavirus strain (Bristol) and tested its ability to bind VP1 and NSP6 of the SA11 rotavirus strain (group A). The NSP2 sequence varies between rotavirus groups A, B, and C, with group C viruses being the most divergent. Previous studies with VP2 and VP1 showed that proteins belonging to different rotavirus groups, particularly from group A strain SA11 and group C strain Bristol, do not functionally replace one another in vitro (43) . Despite sequence conservation of only 33%, the Bristol NSP2 forms a donut-shaped octamer, almost identical to that of the SA11 NSP2 (23) . The SA11 VP1-and NSP6-binding sites identified by our peptide array of SA11 NSP2 are not conserved in the Bristol NSP2 sequence, indicating that Bristol NSP2 should not bind to SA11 VP1 or NSP6. Accordingly, in the BLI experiments, Bristol NSP2 showed no binding with either SA11 VP1 or NSP6 (Fig. 11) . Next, we synthesized a peptide membrane containing full-length SA11 VP1 sequence and probed it for binding to the Bristol NSP2. Consistent with the BLI results, the peptide array showed no binding between Bristol NSP2 and SA11 VP1 peptides (data not shown). 
DISCUSSION
NSP2 is a multifunctional enzyme that participates in a variety of activities during rotavirus infection, specifically, viroplasm formation, genome replication, and assembly of the new viral particles (39) (40) (41) (42) . To test if NSP2 directly interacts with other known proteins of the viroplasms or the RIs, we performed solution-based binding experiments with NSP2 and VP1, NSP2 and VP2 , and NSP2 and NSP6. ITC and BLI experiments The peptide sequences corresponding to the spots denoted 1 to 18 in panel B, which showed intensities higher than the 60% cutoff. NSP2 residues present in at least two peptides that showed Ն80% binding intensity (green) were mapped onto the known structure of NSP2 (pdb 1L9V).
(G) Surface model of the NSP2 octamer (gray) with NSP6-binding residues shown in green on monomer A (pink).
clearly confirmed NSP2's binding to VP1, NSP6, and VP2 . Furthermore, using peptide arrays, we identified the sites on VP1, VP2, NSP6, and NSP2 that participate in the binding.
NSP2 exhibits high-affinity binding to the viral polymerase VP1. Using BLI, we have shown here a direct and high-affinity binding between NSP2 and VP1, and by using peptide arrays we have identified potential binding sites on these proteins. Although previous biochemical studies suggested a possible interaction between NSP2 and VP1 (17, 28) , it was unclear whether this interaction involved direct binding or was mediated by RNA or other viral proteins. The interacting sites on NSP2 and VP1, as identified by reciprocal peptide array analysis and then mapped onto their respective structures, are consistent with the known functional and biochemical properties of these two proteins. The four NSP2-binding sites on VP1 are in close proximity to the RNA template entry and dsRNA exit tunnels of VP1 (35, 37) , whereas the VP1-binding sites on NSP2 map within the regions lining the catalytic cleft and RNA-binding grooves of the NSP2 octamer (10) . The binding site of NSP2 near the template entry site on VP1 is consistent with the helix-destabilizing activity of the donut-shaped NSP2 octamer with electropositive RNA-binding grooves on its sides being involved in relaxing the mRNA template in preparation for the initiation of dsRNA synthesis by VP1 (13) . The NSP2-binding region in the C-terminal domain immediately adjacent to the dsRNA exit tunnel of VP1 (37) is in line with the demonstrated RTPase activity of NSP2, i.e., to hydrolyze ␥-phosphates on the 5= (-)RNAs of the newly synthesized dsRNA in vitro (56) . This activity is suggested to play a role in packaging the newly synthesized dsRNA around the VP1/VP3 complex inside the cores by specifically recognizing the 5= consensus sequence of (-)RNA as soon as the dsRNA emerges from the VP1 active site and allowing it to be recaptured by VP1 after the ␥-phosphate hydrolysis is complete (10) . Accordingly, as previously mentioned, VP1 binding on NSP2 maps within the regions flanking the catalytic cleft, a site for specific ssRNA binding and RTPase activity of NSP2 (9) .
The unexpected observation from our studies is that NSP2 binds VP1 with remarkably high affinity. As a nonstructural protein, NSP2 is not incorporated into the newly forming viral particles, leaving a question as to how it is able to dissociate from VP1 during particle formation in the viroplasms. Rotavirus must employ a mechanism by which NSP2 is released from the replication complex before replication is complete and the cores are fully assembled.
NSP2 interacts with the inner core protein VP2. BLI and ITC analysis of NSP2 and the N-terminal domain of VP2 (aa 1 to 134) showed a direct interaction between the two proteins. The NSP2 peptide array probed against VP2 1-134 resolved two possible VP2-binding sites on NSP2 that map near the two-fold symmetry axis of the octamer extending into the catalytic cleft. Reciprocal peptide array screening with NSP2 sequence and binding analysis using a full-length VP2, similar to what was done with VP1-NSP2 binding, was not possible, as the full-length VP2 exhibits an intrinsic ability to readily aggregate into larger oligomers leading to core assembly, a process that cannot be easily controlled. However, screening of the VP2 peptide array identified NSP2-binding sites dispersed throughout the length of the protein with all of the sites mapping near the intersubunit-interacting regions of VP2. Several of these sites are conserved among the VP2 sequences of group A rotaviruses. Although N-terminal regions of VP2 show some variation among group A strains, the VP2 peptides that showed strong binding (Ͼ80%) are well conserved. Binding of NSP2 to these sites could interfere with the assembly of VP2 into core structures. Recently, a new cytoplasmic form of NSP2 has been characterized that interacts with cellular and viral proteins, including VP2 (60) . Based on our results and the previous observations, which showed that purified NSP2 impedes viral replication in vitro by interfering with the role of VP2 in forming the minus-strand initiation complex (63) , a reasonable hypothesis is that NSP2-VP2 interactions, among other functions, play a role in preventing the premature assembly of VP2 cores in the cytoplasm, prior to VP2 being shuttled into the viroplasms. This hypothesis is in line with the proposal that the pentamers of VP2 dimers, together with VP1/VP3, and a dsRNA segment constitute an initial building unit for RNA replication and core assembly (36, 64) . This could be a mechanism by which rotavirus ensures that both replication and viral particle assembly occur concurrently inside viroplasms. In the viroplasms, NSP2 is released from VP2, allowing pentamers of VP2 dimers, together with VP1 and newly synthesized dsRNA segments, to begin core assembly. It is possible that the dynamic process of VP1 activation, dsRNA synthesis, incorporation of VP3, and VP2 assembly leads to disassociation of NSP2. NSP2's interactions with NSP6 and NSP5. Both ITC and BLI clearly showed a direct interaction between NSP6 and NSP2, with peptide array studies identifying two NSP2-binding sites in the central portion of NSP6 and two NSP6-binding regions mapping to the N terminus and the C terminus of NSP2. The precise function of NSP6 is unknown, and more experiments are needed to identify the exact role this particular interaction plays in the rotavirus life cycle. Notable was the fact that one of the two NSP6-binding sites on NSP2 overlaps with the VP1-binding site on the protein, suggesting that these proteins interact with NSP2 at different times during infection. Since NSP6 is only expressed transiently early during the infection, it is likely that NSP6 plays a role in either viroplasm formation or possibly suppressing the RNAactivated innate cellular immune response.
Finally, although the NSP5 peptide array was used as a control, it is noteworthy that the peptide array of NSP5 resolved two major sites for NSP2 binding. The first site in the C-terminal domain is consistent with previous studies, which showed that this region in NSP5 is critical for binding to NSP2 (15, 31) . In addition, the second site, previously unidentified and located in the central region of the protein, showed strong binding to NSP2. The structure of NSP2 in complex with the NSP5 construct from aa 66 to 188 has been determined by cryo-EM (24) . In this structure, the NSP5 construct binds to the same region (aa 64 to 68, 179 to 183, 232 to 251, and 291 to 302) in the NSP2 octamer as the RNA, across the groves lined by positively charged residues (24) . Our findings show that some of these sites also overlap the VP2-and VP1-binding sites on NSP2, suggesting that, like NSP6, NSP5's binding to NSP2 is spatially and/or temporally separated from NSP2's interactions during the replication process.
In conclusion, our studies provide new insights into NSP2's interactions with the proteins involved in viroplasm formation and genome replication. We present here unequivocal evidence of direct binding between NSP2 and VP1, NSP2 and NSP6, and NSP2 and the N-terminal domain of VP2. In addition, we were able to map the sites on these proteins that participate in the binding and validate some of the sites in the context of the full-length proteins by mutational analysis, thus providing further insight into the complex network of interactions that are involved in genome replication. Our findings lead us to propose that the NSP2 octamer with multiple enzymatic activities is a principal regulator of viroplasm formation, recruitment of viral proteins into the viroplasms, and possibly genome replication. Further studies are required to understand how NSP2 uses its enzymatic and proteinbinding activities to coordinate the multiple protein-protein and protein-RNA interactions required for viroplasm formation, genome replication, and packaging of the viral particles.
